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Tar sand deposits in the state o f U tah contain more than  25 
billion bbl of in-place bitum en. Although 30 times smaller than 
l(it well-known A thabasca ta r sands, U tah ta r sands do 
iwittsent a significant domestic energy resource com parable to 
the national crude oil reserves (31.3 billion bbl). Based upon a 
detailed analysis of the physical and chemical properties of both 
the liitumen and the sand, a hot-water separation process for 
Utah tar sands is currently being developed in our laboratories 
St the University of U tah. This process involves intense agitation 
die tar sand in a hot caustic solution and subsequent 
(Sflitfation of the bitum en by a modified froth flotation 
technique. Experim ental results with an Asphalt Ridge, U tah, 
tar sand sample indicated tha t percent solids and caustic 
concentration were the two most im portant variables controlling 
the performance of the digestion stage. These variables were 
identified by means of an experim ental factorial design, in 
which coefficients o f separation greater than  0.90 were realized. 
Although prelim inary in nature, the experim ental evidence' 
gathered in this investigation seems to indicate that a hot-water 
leparation process for U tah ta r sands would allow for the 
efficient utilization of this im portant energy resource.
The projected increase in the ever-widening gap between the 
wnfcstic energy dem and and the domestic energy supply for the 
next few years has motivated renewed interest in enerev sources 
other than petroleum , such as ta r sands, oil shale and coal. 
Although a num ber o f research program s on the exploitation of 
national coal and oil shale resources have already been 
ffllnjSIeted, very few program s have been initiated on the 
processing of ta r sand resources in the United States. In 
^wjjiiltion of their significance as a domestic energy resource, 
investigators at the University o f Utah h ave designed an 
extensive research program  on Utah ta r sands. An im portant 
Phase of thir program , and the m ain subject of this publication, 
the development of a hot-water process for the recovery of 
“tttunen from Utah ta r sands, as a prelim inary step toward the 
production of synthetic fuels and petrochemicals.
term 't a r  s a n d ' refers to a consolidated m ixture of 
"jun'en (tar) and sand. The sand in tar sand is mostly a-quartz as 
gWjiWned from X-ray diffraction patterns. A lternate names
tar sands" are "oil sands" and "bitum inous sands." The
is technically correct and in tha t sense provides an 
adequate description.
sand deposits occur throughout the world, often in the
. __geographical areas as petroleum  deposits. Significantly
tar sand deposits have been identified and mapped in 
na a, Venezuela and, the U nited States. 1 
'S S fn  r ’ ^  larSest deposit is the A thabasca ta r sands in the 
A ce of Alberta, C anada. According to the A lberta Energy 
(trees Conservation Board (AERCB),2.3 proved reserves of
crude in-place bitum en in the A thabasca region am ount to 
almost 900 billion bbl. To date, this is the only tar sand deposit 
in the world being m ined and processed for the recovery of 
petroleum  products. Great C anadian Oil Sands, Ltd. (GCOS) 
produces 20 million bbl of synthetic crude oil per year. A nother 
p lan t being constructed by Syncrude Canada, Ltd. is expected 
to produce in excess of 40 million bbl of synthetic crude oil per 
year.
According to the U tah Geological and Mineral Survey 
(UGMS), ta r  sand deposits in the state of U tah contain more 
than  25 billion b b l of bitum en in place, which represent almost 
95% of the total m apped resources in the United States.4 The 
extent o f U tah ta r sand reserves seems small com pared to the 
enorm ous potential o f C anadian  tar sands. Nevertheless, U tah 
ta r  sand reserves do represent a significant energy resource 
com parable to the United States crude oil proved reserves of 
31.3 billion bbl in 1976.^
T a r sands in Utah occur in 51 deposits along the eastern side 
of the sta te .4 However, only six out o f these 51 deposits are 
worthy of any practical consideration (Fig. 1). As indicated in 
T able 1, T ar Sand Triangle is the largest deposit in the state 
and contains about half o f the total m apped resources.
Inform ation regarding the grade or bitum en content of Utah 
deposits is still very limited. T he bitum en content varies 
significantly from deposit to deposit, as well as within a given 
deposit. In any event, the inform ation available6-8 seems to 
indicate tha t U tah deposits are not as rich in bitum en as the vast 
C anadian deposits which average 12 to 13% by w eight.9 
A lthough many occurrences of bitum en saturation up to 17% 
by weight have been detected in the northeastern part of the 
state (Asphalt Ridge and P. R. Spring), the average for reserves 
in U tah may well be less than  10% by weight.
Separation Technology
As in any other m ining problem, there are two basic 
approaches to the recovery of bitum en from ta r sands. In one
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Fig. 1. M ajor ta r sand deposits in the state of U tah.
case, the ore can be m ined and transported to a processing plant 
where the bitum en is recovered. A lternately, the bitum en can 
be processed "in-situ." Over the last 50 years, a great variety of 
separation processes, including both surface m ining and in-situ 
processes, have been proposed in the lite ra tu re .91 1  However, 
until recent years, little was known about the potential 
applicability of any of these processing strategies to U tah ta r 
sands. -
Based on the fact th a t the hot-w ater process is the only 
process whose technology is well developed and is currently 
being used in the prim ary separation of bitum en from C anadian 
ta r  sands; the m ain objective in this investigation was to 
quantify the perform ance of a similar process for U tah ta r 
sands. In particular, research efforts were concentrated on the 
identification of the m ain operating variables which control the 
quality of the separation achieved by hot-w ater processing.
T he hot-water process was first described by K. A. Clark in 
I 9 23 I 2 and has been repeatedly modified thereafter. 13-15 As 
applied to U tah ta r  sands, this process basically consists of the 
separation and recovery of bitum en from ta r sands by digesting 
the raw m aterial with a hot aqueous solution containing a 
caustic wetting agent such as sodium hydroxide, sodium 
carbonate, or sodium silicate. T he resulting strong surface 
hydration and shearing forces operative at the sand-bitum en 
interface give rise to the displacem ent and subsequent 
disengagement of the bitum en by the aqueous phase (Fig. 2). 
Once the bitum en has been displaced and the sand particles 
have been liberated, the two phases can be separated by a 
modified froth flotation technique based on the natural 
hydrophobicity exhibited by the free bitum inous droplets. T he 
name of the process arises from the fact tha t digestion is 
accomplished at tem peratures just below the boiling point of 
water.
In practice, the application of the hot-w ater processing 
technique to U tah ta r sands results in a two-stage process (Fig,. 
3). In the first stage, referred to as digestion, crushed ta r  sand is
------------------ 1 ■
Fig. 2. T he hot-w ater process: schem atic representation of | 
bitum en displacem ent and phase disengagement during 
digestion.
contacted with the hot caustic solution in a stirred tank reactor, 
at constant tem perature, for a specified digestion time. Becaux 
of the highly viscous nature  of the bitum en in U tah tar sands* 
the impeller in the reactor must be designed so as to producc 3 
high-shear force field capable of rup tu ring  the bituminous film 
coating the sand particles; (Fig. 2), so th a t the solid phase may 
become exposed to the caustic solution. Upon contact, the 
caustic solution wets the surface of the sand particles and thr 
system reaches its desired equilibrium  configuration, i.e., the 
solid and bitum inous phases being separated by the aqueoui 
phase. Ideally, at the end of the digestion stage, the bituminoiS- 
phase not only has been displaced but also completely 
disengaged from the solid phase, as a result of the strong 
shearing action by the im peller in the digestor.
T he second stage, flotation, is based on the hydrophobic 
nature of the bitum en at m oderate pH  values. In the flotation 
cell, air bubbles attach  to the free bitum inous droplets 
carry them  to the top of the cell, while the hydrophilic sand 
particles settle to the bottom . T he flotation cell is operated at 
relatively low stirring speed so as to reduce the contam ination of 
the bitum en concentrate with very fine sand particles. In actull 
processing, the hydrophobic bitum en concentrate removed 
from the top of the flotation cell would be sent to a refining 
plant for upgrading. On occasions, relatively large lumps ot 
nonfloatable, undigested ta r  sand may be found with the saw ' 
tailings. This m aterial can be recovered from the tailings simply 
by screening. T he scavenger concentrate so produced hasw  
grade sufficiently high to either be recycled or refined as is.
T he mechanism or means by which the bitum en is displaced 
from the surface of the sand particles is not yet well understood 
and, as a result, a useful theoretical framework does not exist. 
Furtherm ore, although similar in principle, the actw  
separation mechanisms in the processing of A thabasca and Utah 
ta r sands appear to differ significantly. Because of the higfc 
moisture content of A thabasca ta r  sands, 3-5% by weigfi) 
connate water, it has been postulated by C anadian investigator 
th a t the equilibrium  structure of A thabasca ta r  sands consists In 
sand particles separated from the bitum en by a film of conn at* 
water surrounding the sand particles.3.9,10 Accordingly, ill* 
bitum en in A thabasca ta r  sands has already been displs^B  
from the sand by the connate water. U nder these condition® 
bitum en separation reduces to a relatively simple phffl 
disengagement process. Unlike A thabasca ta r  sands, Utah ■  
sands are so dry th a t their moisture content cannot be detecfflfc 
by standard  analytical techniques. Obviously, in the absenC tJ 
water, the bitum en is directly in contact with, and bonded 
the surface o f the sand particles. Hence, hot-water processing®
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Table 1. Extent of Utah Tar Sand Deposits.
Deposit Location In-Place Bitumen^ } (billion bbl)
-■ —1
Tur Sand Triangle SE, Utah 12.5 - 16.0
f. R- Spring NE, Utah 4.0 - 4.5
Sminyslde NE, Utah 3.5 - 4.0
Oftle Cliffs SE, Utah 1.3
giU Creek NE, Utah 1.2
Wphalt Ridge NE, Utah 1.0
TAR SANDS
Usah tar sands involves both bitum en displacem ent and phase
^engagem ent phenom ena (Fig. 2).
Several in v es tig a to rs^ ,17 have attem pted to explain bitum en 
jfcplacement based on a surface energy balance postulating 
that, in order for the bitum en to be displaced, the total free 
Hjp-gy of the system must decrease. However, this 
B&rmndvnamic approach attem pts to describe only the final 
fquilibrium state and, in doing so, it fails to account for possible 
physical and electrostatic kinetic barriers which seem to be 
operative in the system.16,17 O ther investigators 18-21 have 
jj&Slyzed the displacem ent phenom enon by consideration of a 
ft^mical reaction between the hydrated silica surface and the 
hydroxy radicals present in the caustic solution, which in turn  
results in the displacem ent of the bitum en from the sand 
particles. A lthough this second approach eventually could 
provide a more realistic description of the displacem ent 
mechanism and rate  phenom enon, it is found to be very limited 
btcausc of the complexity of the interactions between the 
different phases o f the sand-bitum en-w ater system. As a result, 
ffit process designer is left with one alternative, namely, the 
development o f em pirical models based on laboratory and 
/or pilot p lant extraction tests. This is, in essence, the m ethod of 
approach adopted in this investigation.
Definition of the Research Problem
Ideally, the developm ent o f a new processing strategy should 
naturally arise from a thorough understanding of its 
fundamentals. However, as emphasized previously, a useful 
theoretical model capable of describing the different 
phenomena occurring during hot-water processing of ta r sands 
diies not exist.
Tn view of the foregoing consideration, the best alternate 
approach would be the direct application of the well-developed 
Canadian technology to U tah ta r sands. However, because of 
OjpuRcant differences in the physical and chemical nature of 
Gmadian tar sands as com pared to U tah ta r sands, and because 
of considerable differences in climatic conditions betweeen the 
locations, the separation technology to be developed for the 
processing of U tah ta r sands and the technology already being 
for the processing of C anadian ta r  sands are expected to be 
|ubstantially different. U nder these circumstances, an 
OTpependent investigation on the processing of U tah ta r sands, 
^**ed on laboratory a n d /o r  pilot p lan t separation tests, was 
w®sidered to be a preferable approach. 
t® wing to the large num ber of variables controlling the 
Performance of the hot-water process, the effect of each 
■Wividual variable on the overall perform ance could not be 
BHped separately, as this would involve considerable 
JRpfcnmental effort. Instead, experim ental design techniques in 
,"™h the num ber of experim ents is reduced to a m inium  were 
in combination with the Box and Wilson optimization 
B p ^ th m . 22-25 T he g ox ancj Wilson algorithm  for 
Hj^rimental optimization has been successfully applied in a 











Fig. 3. Modified hot-w ater process for the separation of bitum en 
from U tah ta r  sands.
particu lar application, the prim ary objectives were to determ ine 
the optim um  experim ental conditions for the separation of the 
bitum en from the sand and to identify the m ain digestion 
variables controlling the quality o f this separation. A detailed 
description of the Box and Wilson algorithm  and its application 
to U tah ta r sands may be found elsewhere.29
O peration Variables C ontrolling the Perform ance of the Hot- 
W ater Process: T he num ber of variables affecting the 
perform ance of each of the two stages o f the hot-water process 
(digestion and flotation) is relatively large. A listing o f these 
variables is presented in T able 2.
In this particu lar study, flotation conditions were kept 
constant in all experim ents, so tha t the effect o f digestion 
variables on the overall system response could be studied first. 
W ith this experim ental approach, flotation, while being an 
integral part o f the process, was also used as an analytical tool 
for the evaluation of the effectiveness of the digestion stage.
Similarly, discrete digestion variables (feed source, wetting 
agent, and reactor design) were not varied during the 
experim ental optim ization process. However, once the optim um  
conditions were determ ined for an Asphalt Ridge sample, the 
effect of other feed sources on the quality of the separation was 
studied in a separate series of experiments.
As a first approxim ation to the processing of U tah ta r sands, 
this investigation was mainly concerned with the equilibrium  
response of the system. U nder these circumstances, dynamic 
variables such as digestion tim e and feed size did not deserve 
prim ary consideration, since they would not influence the 
quality of the separation at equilibrium .
Finally, based on the fact tha t bitum en viscosity decreases 
significantly with tem perature  (see Fig. 9), the tem perature  in 
the digestor was kept constant at 95°C, just below the boiling 
point of water. T he effect of lower tem peratures on the quality 
of the separation was also studied in a separate series of 
experiments.
In sum mary, of all the operation variables listed in T able 2, 
only three are left for consideration, namely, the percent solids 
in the digestor, the concentration of caustic in solution, and the 
intensity of agitation (stirring speed). In this regard, the term 
"percent solids" refers to the am ount of ta r  sand (both bitum en 
and sand) with respect to the total mass of m aterial in the 
system.
^^^N G ineers
Specification of an Objective Function for O ptim ization: The 
actual im plem entation of any optim ization algorithm  generally 
entails the representation of the economical or technical 
objective (maximize profit, minimize cost, maximize efficiency, 
etc.) in terms of a set of m athem atical quantities. T he resulting 
relationship is normally referred to as the objective function. In 
this particu lar application, the prim ary optimization objective 
was to maximize the quality of the separation achieved by hot- 
water processing of U tah ta r sands.
Since the hot-w ater process is, in essence, a separation 
process, separation indices used to quantify the quality of the 
separation in other similar processes can also serve as a technical 
objective function for the system under consideration. In 1970, 
Schulz^O published an excellent review of the most frequently 
used separation indices in the m ineral industry. Because of its 
clear physical significance, the coefficient of separation (defined 
as the fraction of the feed m aterial which undergoes a perfect 
separation while the rest of the feed is distributed unchanged 
into the respective product streams^O) provided an adequate, 
"one-param eter" description of the overall process perform ance 
and was selected as the objective function for process 
optimization.
T he coefficient of separation can be simply evaluated as the 
difference between the recovery of the valuable com ponent 
(bitum en) in the concentrate and the recovery of gangue (sand) 
in the same concentrate.
Experimental
T he processing strategy used in laboratory hot-water 
separation tests is schematically represented in Fig. 3. Before
- — ^  
Table 2. Operation Variables Controlling the Performance of the Hot-Water Process
Digestion: Discrete: Dl. Feed Source
D2. Wetting Agents




V4. Wetting Agent Addition
V5. Feed Size
V6. Intensity of Agitation
Flotation: Discrete: El. Cell Design
E2. Flotation Reagents
Continuous: Ml. Percent Solids
W2. Intensity of Agitation
W3. Temperature
W4. Solution pH
W5. Flotation Reagents Additions
W6. Air Flowrate
Table 3. Average Bitumen Concent of Utah Tar Sand Samples
Deposit Average Blcumen Content (%, by weight)
Asphalt Ridge 13.1
P. R. Spring 12.2
Sunnyside 9.0
Tar Sand Triangle 5.0
each series of experim ents was initiated, the ta r sand samples 
were thoroughly mixed in large batches in order to homogenjaj 
the quality of the feed. A fraction of this m aterial was then 
extruded down to sm aller pieces ( — 3/8-in .) and fed to a 1-gal, 
stirred tank reactor where it was contacted with the hot caustic 
solution and stirred, at constant tem perature, for a specified 
digestion time. T he essential features of this reactor are an 
im peller with two opposing pitched blade turbines (4-in. OD), a 
torquem eter, an SCR speed controller, a tachom eter, a reflux- 
takeoff condenser, and a tem perature con tro l/heating  system. 
T he am ount of ta r  sand and solution added to the digestor m 
each separation test was calculated so tha t the active volumeof 
the reactor was close to a gallon in all of the experiments. At the 
end of the digestion stage, the bitum en had  been displaced fr<S 
the surface of the sand particles and could be separated from 
the dispersed sand in a conventional batch  bench-scale flotation 
machine where the b itum en was floated with air.
In the flotation cell, the percent solids was reduced to about 
20% , by weight, by the addition of an aqueous caustic solutfflfl; 
at room tem perature ( ~  15°C). T he alkalinity of the solution 
was adjusted in order to m aintain the pH  of the suspension 
above 10. This relatively high flotation pH  allowed for tnfc 
flocculation of the sand tails and a faster flotation respond- 
Besides sodium hydroxide, no other reagent was added to tn* 
flotation cell. T he  intensity of agitation of the suspension 
m aintained at a relatively low level, com pared to convention^ 
m ineral flotation practice, in order to avoid contamination ® 
the concentrate with fine sand particles. T he hvdropMjjH 
bitum en concentrate was removed from the top of the flotatw* 
cell while the hydrophilic free sand particles were recovfflH 
from the bottom  of the cell.
Representative samples of the feed, concentrate, and tailmj* 
were analyzed to determ ine their composition with respect W 
bitum en, sand, and water. For this purpose, several Dean 3S} 
Stark tube assemblies (Fig. 4) were set up in accordance w ither 
procedure reported by the US Bureau of M ines.31 A weig"*^
CCOTCMDLD 1070
Fig. 5. Scanning electron m icrograph of an A thabasca, Canada, 
iar sand sample. B itum en content: 16% by weight. ~  400X.
sample, contained in a double thickness, cellulose extraction 
thimble, was placed in the neck of a specially designed receiver 
flask held by four indentations. A bout 200 m l of reagent grade 
toluene were added to the flask and heated to boiling. Toluene 
'tapors dissolved the bitum inous materials in the sample and also 
removed any trace of w ater present. T he vapors were trapped by 
the condenser and returned to the system. Because of the 
immiscibility and different density of the two phases in the 
toluene-water system, water droplets settled through the 
condensate and were collected in the capillary tube, while the 
toluene was refluxed. A fter 4 to 6 hr, extraction reached 
completion and the volume of w ater in the sample was read on 
the graduated capillary. T he cellulose thim ble was then dried 
and weighed to determ ine the am ount of solids left in it and the 
bitumen content was calculated by difference. T he analytical 
icchnique proved to have very good reproducibility, the 
coefficient of variation being less than  1 % .
Experimental Results and Discussion
Preliminary separation tests indicated that, under similar 
operating conditions, the quality of the separation was strongly 
OBpendent upon the nature  of the ta r  sand. In fact, while 
excellent results, com parable to those obtained in the processing 
of Athabasca ta r sands, were obtained with two high-grade 
Utah samples (Asphalt Ridge and P.R . Spring), hot-water 
reparation tests of low-grade ta r sands (Sunnyside and T a r Sand 
Triangle) were not at all successful. Accordingly, ta r sand 
samples from these four U tah deposits were characterized in 
l l t*Pns ° f their bitum en content, bitum en viscosity, and particle 
•redistribution of the sand.
Average bitum en content of samples from four different U tah 
**r sand deposits are presented in T able 3. Although these 
[Bljoples may not be representative of the deposit as a whole, the 
Lift™*5 reported in T able 3 are in good agreem ent with previous 
***ulu which show th a t northeastern U tah deposits, and 
Specially the U intah Basin deposits (Asphalt Ridge and P .R .
Pnng) have higher b itum en content than  T a r Sand Triangle in
“ uiheastem U tah.7
■ ?cann'ng electron micrographs of ta r  sand samples from 
basca, Canada, and three northeastern U tah deposits are 
Pf^^^ed in Fig. 5-8. As com pared to the Sunnyside sample 
 ^ *8- 8), the bitum inous film in the A thabasca, Asphalt Ridge, 
^•R. Spring samples (Figs. 5-7, respectively) appears to be
I
 h thicker and continuous throughout the sample.
l ”s wscosity of the bitum en in ta r sands is of prim ary 
MHJMHance to the design of in-situ m ining, recovery, 
and m aterial handling operations. Experimentally 
‘“ tttrnined flow curves of A sphalt Ridge and A thabasca
IG engineers
Fig. 6. Scanning electron m icrograph of an Asphalt Ridge, U tah 
ta r sand sample. B itum en content: 13% by weight. ,V,400X.
Fig. 7. Scanning electron m icrograph of a P .R . Spring, U tah, 
ta r  sand sample. Bitum en content: 12% by weight. 400X.
bitum en, at various tem peratures, dem onstrated the Newtonian 
nature of both fluids.29 Perhaps of more practical significance 
is the fact tha t the viscosity of the U tah (Asphalt Ridge) bitum en 
is about two orders of m agnitude greater than  the viscosity of 
the C anadian (A thabasca) bitum en in the tem perature range 
studied, as illustrated in Fig. 9. This accounts for the fact tha t 
A thabasca ta r sands can be digested in a conventional rotary 
drum , while U tah ta r sands seem to require intense shear 
conditions.
Viscosity measurem ents of A thabasca bitum en a t different 
tem peratures are in good agreem ent with data  previously 
reported in the lite ra tu re .9,31,32 An apparent activation 
energy on the order of 28 kcal/m ole was calculated from the 
d ata  in Fig. 9, indicative of the fact th a t m om entum  transfer is 
accom panied by rather significant structural transform ations, 
as tem perature increases.
T he particle size distribution of the solids in U tah tar sands 
was determ ined by conventional sieving techniques in the size 
range of 590 /um down to 37 pm. Particle size distributions of the 
sand in several U tah ta r sand deposits are com pared in Fig. 10. 
According to the C anadian size classification,9.32 th e san(Js in 
U tah ta r sand deposits are com parable in size to the Class II 
A thabasca sands which are the richest ta r sands in the 
M cM urray form ation.32
Prelim inary E xperim ental Results: Prelim inary results 
indicated tha t effective displacem ent and disengagement of 
bitum en from both Asphalt Ridge and P .R . Spring ta r sand 
samples could be achieved by hot-water processing. T he overall 
composition of the concentrate removed from the separation
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Fig. 8. Scanning electron m icrograph of a Sunnyside, U tah, tar 
sand sample. Bitumen content: 9% by weight. ~  400X.
cell ranged from 60 to 75% by weight bitum en, on a dry basis. 
Moisture content was around 40% by weight. T he tailings had 
an unexpectedly low bitum en content o f less th a t 0.5%  by 
weight. T he excellent quality of the tailings is well dem onstrated 
by the scanning electron m icrograph presented in Fig. 11, which 
is to be com pared with the photograph of the original feed 
presented in Fig. 6. In these experiments, about 96% of the 
b itum en contained in the feed m aterial was recovered in the 
Concentrate and about 92% of the sand was rejected in the 
tailings. Typical results are presented in T able 4.
Identification of M ain Variables and Process O ptim ization: 
T he Box and Wilson Algorithm: In accordance with the 
experim entation strategy outlined previously, the Box and 
Wilson algorithm  was applied to the recovery of bitum en from 
Asphalt Ridge, U tah, ta r sands. T he objective for optimization 
was to maximize the quality of the separation being 
characterized by the coefficient of separation. M aintaining all 
other digestion and flotation conditions constant, the coefficient 
of separation was assumed to be a function of only three
T ab le  4, Example o f  H ot-U ater Separation  Resu lts 
w ith  an Asphalt R idge Tar Sand Sample
Experim ental Con d it io n a :
D igestion : Feed Source: Asphalt R idge
W ctcing Agent : NaOH
Temperature: 95°C
Percen t S o lid s: 701 by weight ta r  sands
D iges t io n  Tim e: 15 min
NaOH Concern.r.a t lo n : 0.58 m o le / lite r
Feed S iz e :  E:xtruded to  -3/8 in .
A g lca c io n : 750 rpm
F lo ta t lo r i :  C e l l  D esign: C y lin d r ic a l
F lo ta tio n  Reagents: None
Percen t S o lid :s: 207. by w e igh t car sands
A g ita t io n :  1000 rpm
Temperature: I5°C
A ir  F low rate : 3000 (ce/m ln)
F lo ta t io n  pH: ~  10.5
C a lcu la ted  Mass Balance:
Wt, G rad e , % R ecovery , Z
% dry Tar Sand Tar Sand
Concenrrate 19.05 64.82 35.18 96.39 7.69
T a i l 80.95 0.57 99.43 3.61 92.31
Feed 100.00 12.81 87.19 100.00 100.00
C o e f f ic ie n t  o f Separation  ■ 0.8870
380 370 360 350 340 335 
Temperature, °K(reciprocal scale)
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Particle Size, d (um)
Fig. 10. Particle size distribution of sand from four different 
U tah ta r sand deposits: T a r Sand Triangle, P.R  Spring. 
Sunnyside, and Asphalt Ridge.
digestion variables; the percent solids in the reactor ( V2), t e 
wetting agent concentration (F4), and the stirring sp' ed ( M 
Furtherm ore, based on the C anadian experience wl' I 
A thabasca ta r sands, 15 sodium hydroxide was selected as i J 
wetting agent in all of the experiments. T he experiment I 
results obtained during the im plem entation of the Box an J 
Wilson algorithm  are sum marized next. Detailed informal* I 
on the subject may be found elsewhere.29
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11. Scanning electron m icrograph of A sphalt Ridge sand
sfffer hot-water extraction of the bitum en. ~  400X
0.9
V)O






Asphalt Ridge Sample 
Temperature = 95 °C
□ 50 % Tar Sands
o 60% Tar Sands
a 70 % Tar Sands
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NaOH Concentration,M
^ 8- 1 2 . Quality of the separation achieved by hot-water 
Processing as a function of the caustic concentration, for various 
percent tar sands in the reactor at 95°C. A sphalt Ridge sample.
/ ^ e  im plem entation of the Box and Wilson optimization 
•Sonthm  required m ore than  60 extraction tests. Percent solids 
varied from 50 to 80% by weight, N aO H  concentration 
0-25 to 1.50 (m ole/liter), and the stirring speed from 510 
8^1250 rpm. T he experim ental results so obtained were 
"P^lated  by m ultiple linear regression to obtain the second 
01 er experimental model:29
^=0.9192 -  9.515x10 “  4 F2 + 1.641x10 “  1 K4 -1.694x10 “  4 V6 
+ 2.048x10 ~ % V 2 V 4  + 3.825x10 “  6 V2 V6 -  1.824x10 “  4 V4 V6 
~ 8 .667 x 1 0 -5 j/22 -  1 .350  V<& - 3 .2 5 0 x 1 0 - 9  V62 (1)
Digestion Temperature, °C
Fig. 13. Quality of the separation as a function of the digestion 
tem perature for the A sphalt Ridge sample at 75% solids and 
0.58 m ole/liter sodium hydroxide.
where CS represents coefficient o f  separation (fitted value); V2 
represents percent ta r  sands, by weight; V4 represents N aO H  
concentration in mole/liter^ and V6 represents stirring speed in rpm.
Hypothesis tests, based on the analysis of variance of this 
model, suggested that, in the range of values studied, the 
quality of the separation does not seem to be significantly 
affected by the stirring speed (V6). In fact, it can be 
dem onstrated2^ tha t the "reduced" model;
CS= 0.6553 + 5.796x10 “  3 p2 -1.369x10 ~ 2 V4 + 1.802x10 “  2 p2 V4
-  1.008x10 - 4  F22 -  1.182 F42 (2)
which does not account for variations in V6, describes the 
experim ental data as well as the "full" model (Eq. 1).
Further analysis of the data  reveals that, in the range of 70 to 
80% ta r sands, the overall system response, characterized by the 
coefficient of separation, is not significantly affected by the 
percent ta r sands in the digestor, V2. In fact, above 70% solids, 
the polynomial expression:
CS =  0 .5732+ 1.127 V4 -0 .9 6 9 8  V4% (3)
can be shown2^ to describe the experim ental data  as well as the 
reduced model correlation (Eq. 2). T he quality of the data 
description by the reduced models is illustrated in Fig. 12 where 
experim ental and fitted values are graphically com pared. As 
indicated there, the m axim um  coefficient of separation is 
expected to be around 0.90 at a sodium hydroxide 
concentration of 0.58 m ole/liter. Grades and recoveries are 
expected to be similar to those reported in T able 4.
T he need for high shear digestion conditions in order to 
achieve both bitum en displacem ent and phase disengagement 
gives rise to a relatively high optim um  percent solids in the 
digestor (70-80% ). Further, experim ental results substantiate 
the hypothesis tha t a high intensity of agitation does not 
necessarily result in strong shearing conditions. In fact, as 
m entioned previously, process perform ance was shown to be 
independent of the stirring speed in the range of values studied 
(510-1250 rpm ).
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Shear
Stress
a. H igh-Grade Tar Sand
Shear
Stress
Fig. 14. Schematic representation of the effect of shear forces on 
the digestion o f high and low grade ta r sands.
Perhaps the most critical variable is the wetting agent 
concentration. A low caustic addition (below 0.4M) results in a 
sticky bitum en concentrate and a tail which still contains a 
significant am ount of bitum en. On the other hand, an 
excessively high caustic addition (above IM) gives rise to a 
strong chemical reaction at the bitum en-w ater interface. Under 
these conditions, the ta r sand is disintegrated before any phase 
separation can actually occur.
Effect of Digestion T em perature on the Q uality of the 
Separation: Each of the experiments reported in the previous 
sections was perform ed at 95°C. In order to test the hypothesis 
that the quality of the separation should deteriorate at lower 
tem peratures because of the increase in bitum en vicosity, a 
series of experim ents with Asphalt Ridge tar sand were 
perform ed at lower tem peratures, setting all other variables at 
the optim um  conditions previously determ ined. Experimental 
results presented in Fig. 13 indicate tha t a decrease in 
tem perature has a detrim ental effect on the quality of the 
separation achieved by hot-water processing. Even though the 
grade of the concentrate decreased only slightly, the recovery of 
bitum en from the sand (and hence, the coefficient of 
separation) was significantly dim inished. At these low 
tem peratures, the bitum en becam e very sticky and viscous. As a 
result, the bitum en adhered to the walls of the reactor and the 
flotation cell. Furtherm ore, large lumps of nonfloatable 
bitum en-sand agglomerates appeared with the sand tailings.
Effect of the Feed Source on the Q uality  of the Separation: 
W hile excellent results, com parable to those obtained in the 
processing of A thabasca ta r sands, were obtained with the two 
high-grade U tah samples (Asphalt Ridge and P .R . Spring), hot- 
water separation tests of low-grade ta r sands (Sunnyside and T ar 
Sand Triangle) were not at all successful. Experim ental results 
obtained with ta r sand samples from these four deposits are
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Particle Size, d (jim )
Fig. 15. Particle size distribution of the sand in the feed and 
products for a typical hot-w ater extraction test.
sum marized in T able 5, where typical results obtained with 
A thabasca ta r sands are also included, as reported in the
lite ra tu re .34
Because of the low bitum en content, samples from Sunnyside 
and T a r Sand T riangle can be easily ground in a conventional 
tum bling mill. Such is not the case with samples from Asj rialt 
Ridge and P.R . Spring deposits which due to their plasticity 
could only be reduced in size to a limited extent by extrusion. As 
com pared to the Sunnyside sam ple (Fig. 8), the bituminous film 
in the A thabasca, Asphalt Ridge and P .R . Spring samples (Figs. 
5-7, respectively) appears to be m uch thicker and continuous 
throughout the sam ple. W ith such samples, shear forces can be 
transferred to the bitumen-solid interface through this plastic 
bitum inous m atrix, so that rup ture  may occur at the interface 
which will allow for the aqueous solution to advance and wet the 
surface of the sand particles (Fig. 14a). Conversely, in the case 
of low-grade ta r sands, where the bitum en is more like a -hin, 
rigid coating around each sand particle (Fig. 8) rather t an a 
continuous m atrix, failure may occur within the bitum en phase 
and not at the interface, as postulated in the previous case Asa 
result, the bitum en rem ains attached to the sand particles and 
phase disengagement does not occur (Fig. 14b).
U nder the assumption that the bitum en content o f  the 
digested pulp was a critical variable, a series of recycling 
experim ents were perform ed in which tar sand samples from 
different deposits were mixed with bitum en concentrate prior to 
hot-water separation, so that the bitum en content o f  the 
m ixture could be adjusted to any desired level. In this series of 
experiments, the bitum en concentrate was added directly to the 
fresh feed in the digestor. However, visual observation o f  the 
digested pulp revealed tha t the fresh ta r sands and the recycled 
bitum en concentrate were not mixed thoroughly. In fact, the 
experim ental results presented in T able 5 dem onstrate that the 
quality of the separation was not improved, as anticipated 
Alternate techniques, such as heat treatm ent of the mixture, are 
currently being investigated' by other members of the same 
research group.
Particle Size Classification during. H ot-W ater Processing1 
Particle size analyses of the feed and products after hot-water 
processing reveals tha t size classification of the sand particles 
occurs during the processing sequence. As shown by the size 
analysis da ta  presented in Fig. 15, most of the fine particles are 
recovered in the bitum en concentrate whereas coarse particle5 
are rejected to the tailings.
At the optim um  digestion conditions, the quality of thf 
separation will be controlled not only by the bitum en content o
rT ab le  5. E f fe c t  o f  the Feed Source on the 
Q u a lity  o f  the Separation .
C on d it io n s : 
Temperature: 95°C 
percent Solids; 70%
Wetting Agent: 0.58 K, NaOH
S tir r in g  Speed: 750 rpm
o f Resu lts
Birur, :-rt Conrrnr, I R ecovery,
Feed Cone. 1ra ils Tar Sand CS
A.
12.8 64.8 0.6 9f>.4 92.3 0.887
* lldge  
i fcye le )
14.fi 65.3 0.5 97.1 91.2 0.883
A. Ridg*-‘ 18.3
62.8 0.4 98.3 86.9 0.852
(recycle)
f .  It- Sprlng( * ) 14.8 70.5 0.5
97.3 93.0 0.903
8.9 21.5 1.6 89.0 68.2 0.572
jutnyside
tiacycU )
12.7 26.0 1,6 93.3 61.6 0.549
f ,  S. T riangle 5.0 no prodiu■ts
|. T rian gle  
(recycle )
20.0 no produc ts
Ufetmi' ) 14.3 94 . 7 1.7 90.0 99.2 0.892
* llettlrtg Bgent: 1.75 M sodium s i l i c ;  
► fxperitw ntkl con d itio n s  not reportec
ite
1.1*
the feed but also by the particle size distribution of the sand in 
the tar sand sample. For a given bitum en recovery, the influence 
of these two factors on the quality of the separation of a low- 
grade Sunnyside sample can be roughly estim ated based on the 
results obtained with the Asphalt Ridge sam ple under similar 
conditions (Case 1 in T able 6). Notice tha t 7.7%  of the sand in 
the Asphalt Ridge sam ple is recovered in the bitum en 
concentrate. If the size classification process is assumed to be 
ideal (i.e., there exists a critical separation size above and below 
which a given particle reports to either the tailings or the 
concentrate, respectively), it is found from Fig. 10 or 15 tha t this 
critical size must be approxim ately 100 fxm in order to explain 
(he previously m entioned result. Now, if the same critical size is 
assumed to be applicable for the Sunnyside sample (Case 2 in 
Table 6). where 35% of the sand is finer than  100 fxm (Fig. 10), 
the estimated grades and recoveries shown in Table 6 are found 
W be in fairly good agreem ent with the experim ental values. 
Although these highly idealized calculations do not a ttem pt to 
provide an accurate description of the system, they do 
demonstrate the overall combined influence of the feed grade 
*nd the particle size distribution of the sand on the perform ance 
of the hot -water process.
Summary and Conclusions
Experimental results obtained in this investigation 
demonstrated that effective separation of bitum en from high- 
pade Utah tar sands can be achieved with a hot-water process, 
evolving the addition of wetting agents, digestion of the ta r 
sand under high shear conditions, and finally separating the 
bitumen from the sand by a modified froth flotation technique.
The processing strategy being developed for U tah ta r sands is 
expected to differ significantly from the one being used in the 
processing of A thabasca ta r  sands, mainly because of 
considerable differences in the physical and chemical properties 
of the two materials. As com pared to U tah ta r sands, A thabasca 
tar sands are characterized by a higher bitum en content, a 
**gnificantty lower viscosity (about two orders of m agnitude 
0Wer), and the reported presence of an envelope of connate 
'*ater separating the bitum en from the solid phase. U tah tar 
|ands contain practically no water; thus, the bitum en is directly 
ln contact with, and bonded to, the surface of the sand 
Particles.
Main variables and optim um  operating conditions of the 
ENGINEERS
Table: 6. E ffe c t  o f  Feed Grade and P a r t ic le  
S iz e  D is tr ib u t ion  on the Q ua lity  




Ridge (R eference  
Content: 1 3 .1%
(  > 100khi ) :  7.;
data )
H  (F ig .  10 o r  15)




t *  • 
San*
Concent rate 19.0 64.8 35.2 96.4 7.7
T a l l 81.9 0.6 99.4 3.6 92.3
Feed 100.0 12.8 87.2 100.0 100.0
Case 2: Sunnyside
Bitumen Content: 9.C 
"F in e s " (> l0 0 n m ): 25Z (F ig .  10)










(7 4 .3 )
89.0
(8 9 .0 )
31.8
(2 5 .0 )
T a i l 63.1




(9 8 .6 )
11.0
(1 1 .0 )
68.2
(7 5 .0 )
Feed 100.0 8.9 91.1 100.0 100.0
*  Ca lcu lated  values  ln paren thes is .
digestion stage were determ ined for the Asphalt Ridge sample 
by the im plem entation of the Box and Wilson optimization 
algorithm . T he quality of the separation, being characterized 
by the coefficient of separation, was found to be independent of 
the stirring speed in the range of values considered (510-1250 
rpm ). At the optim um  digestion conditions (70-80% ta r sands, 
0.58 M N aOH , 95°C), coefficients of separation averaging 0.90 
and bitum en recoveries over 96% are to be expected. 
Separation test da ta  obtained at lower digestion tem peratures 
substantiated the hypothesis tha t a decrease in tem perature has 
a detrim ental effect on the quality of the separation achieved by 
hot-w ater processing.
Variations in the quality of the separation obtained with 
materials from different deposits can be interpreted in terms of 
their physical properties, specifically the bitum en content and 
the particle size distribution of the sand. As discussed in the 
text, the grade of the ta r sand must be high enough so tha t the 
bitum inous film surrounding the sand particles exceeds a 
certain critical thickness for effective phase disengagement. In 
addition, the particle size distribution of the sand must be 
coarse enough so tha t the am ount of fines en trapped in the 
bitum en phase as a result of the size classification process is 
minimized and the grade of the bitum en concentrate is 
m aintained at an acceptable level.
A lthough prelim inary in nature, the experim ental evidence 
gathered in this investigation seems to indicate that a hot-water 
process for U tah ta r sands would allow for the efficient 
utilization of this im portant energy resource.
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